Bionanotechnology seeks to modify and design new biopolymers and their applications and uses biological systems as cell factories for the production of nanomaterials. Molecular self-assembly as the main organizing principle of biological systems is also the driving force for the assembly of artificial bionanomaterials. Protein domains and peptides are particularly attractive as building blocks because of their ability to form complex three-dimensional assemblies from a combination of at least two oligomerization domains that have the oligomerization state of at least two and three respectively. In the present paper, we review the application of polypeptide-based material for the formation of material with nanometre-scale pores that can be used for the separation. Use of antiparallel coiled-coil dimerization domains introduces the possibility of modulation of pore size and chemical properties. Assembly or disassembly of bionanomaterials can be regulated by an external signal as demonstrated by the coumermycin-induced dimerization of the gyrase B domain which triggers the formation of polypeptide assembly.
Introduction
The main goal of nanotechnology is to design and manufacture novel materials whose structure is defined at the nanometre scale. A wide variety of nanomaterial building elements and self-assembly strategies have been investigated in recent years. Different types of molecular entities have been used to form nanostructures, such as organic and inorganic molecules, as well as biopolymers, nucleic acids and polypeptides (reviewed in [1] ). Peptides and protein domains are particularly attractive as building blocks because of their ability to form complex three-dimensional structures as well as incorporate versatile different chemical and physical properties. Artificial peptide-or protein-based nanomaterials include nanofibres [2] [3] [4] , nanotubes [4] , twodimensional layers [5, 6] , hydrogels [7] [8] [9] [10] , three-dimensional objects with high degree of symmetry [11] [12] [13] and many others (reviewed in [1, 14, 15] ). Polypeptides can be produced in large amounts using tools of biotechnology to utilize the cellular biosynthetic machinery and can be modified to gain functionality for diverse applications [15] . Polypeptide structural elements can be selected among natural or modified protein domains and combined in different combinations. Coiled-coil-forming peptides and other oligomerization domains are among the most convenient domains for the predictable bottom-up design of artificial nanostructures. Besides the natural leucine zipper domains, coiled coils are among the few superstructural assemblies that have been successfully designed de novo in terms of both specificity Key words: coiled coil, functional bionanomaterial, oligomerization domain, polypeptide nanomaterial, regulated assembly, size-separation. Abbreviations used: DLS, dynamic light scattering; GdnHCl, guanidinium hydrochloride; TEM, transmission electron microscopy. 1 To whom correspondence should be addressed (email roman.jerala@ki.si).
and chain orientation [16, 17] . Therefore we can rationally design the structure of designed nanoassemblies on the basis of the interactions between the building blocks.
Self-assembly represents a powerful approach for generating new complex nanomaterials. Molecular self-assembly is typically mediated by weak non-covalent bonds, notably hydrogen bonds, ionic bonds, hydrophobic bonds, van der Waals interactions and water-mediated hydrogen bonds, although covalent bonds can be utilized as well [18] . The material spontaneously assembles molecule by molecule to form ordered aggregates in the predicted architecture. Thorough understanding of the building block structure, assembly properties and dynamic behaviour is required for the successful self-assembly [4] . Although the main rules governing protein folding and protein-protein interactions are established, the complex interplay of flexibility and multiple co-operative and long-range interactions still precludes de novo design of new protein folds, therefore the most promising approach of design of bionanotechnology is based on the use of independently folding modular building blocks.
Design of protein domain-based nanomembranes
The last few decades have witnessed the development of new types of protein-and peptide-based nanomaterials. One of the applications of such materials is the size separation of nanometre-scale particles. We can exploit cavities and pores of different sizes and properties in proteins and protein assemblies. Filtration systems based on porous membranes are widely employed in the preparation of drinking water, and are gaining importance in the food and pharmaceutical industries for the removal of infectious micro-organisms and unwanted components or for the concentration of selected components. Membranes can also be used as chemical or bioreactors. Those applications require development of new materials with better selectivity, precise definition of pore size and inexpensive fabrication. Ultrafiltration membranes for the separation of 2-100 nm macromolecules are typically made by phase inversion of organic polymer solutions, where the size of pores is defined primarily by physical principles used for the creation of pores of the desired size, such as physical cross-linking of fibres or evaporation of solvent. Recently, a recyclable supramolecular membrane for the size-selective separation of nanoparticles has been fabricated and characterized [19] on the basis of the non-covalent interactions between the derivatives of poly(ethylene glycol), which enable the reversible selfassembling fibrous membrane. Peng et al. [20] described a new type of ultrafiltration membrane composed of cross-linked ferritin protein that is mechanically robust and contains channels with diameters of less than 2.2 nm, created by the packing between ferritin molecules ( Figure 1A ). Although the properties and separation performance of this membrane varies with pH defining the analyte and membrane charge, the size of the pore cannot be varied as it is determined by the dense packing of protein molecules. Membrane preparation based on packing proteins therefore limits the possible range of pore size as well as their geometry and chemical properties.
A further step in the direction of polypeptide-based ultrafiltration membranes was demonstrated by Knowles et al. [6] . They employed an amyloidogenic polypeptide which in the first step self-assembled into elongated fibrils. Fibrils were cast into random orientations into thin films ( Figure 1B ), whose properties were modified further by the presence of plasticizing molecules. Such proteinbased nanostructured films were successfully functionalized and represent an attractive path towards realizing new multifunctional materials built from the bottom-up.
Ideally, the pores of the membrane could be defined by the precise and oriented interactions between the polypeptide building elements defined at the atomic scale and by preparation of the symmetric self-assembly of polypeptide building blocks. Symmetry of the protein domain interactions is used in Nature for the assembly of viral capsid, protein pores, cytoskeleton and other structures that can reach macroscopic dimensions, such as in some protein-based structures and materials, e.g. silk or keratin-based material. Padilla et al. [11] described a general strategy for designing proteins that self-assemble into symmetrical nanostructures, including nanocages, filaments, layers and porous materials. The building element described was based on a genetically fused protein consisting of a dimerization and trimerization domain. The combination of one dimerization and one trimerization domain is the smallest combination in terms of oligomerization state that allows the assembly of twoand three-dimensional objects, whereas the combination of two dimerization domains can only lead to the formation of fibrillar-type assemblies. Recently, Sinclair et al. [12] demonstrated how genetic fusion of subunits from protein domains that have matching rotational symmetry can generate the building elements that self-assemble into wellordered predetermined one-and two-dimensional arrays. This principle shows the new way of manufacturing biomaterials with diverse structural and functional properties.
The coiled-coil dimers are well-understood structural elements that are present in approximately 8 % of all proteins and can have very defined specificity for the formation of a dimer in a defined orientation. Therefore the coiled-coil dimer can represent a versatile partner in this type of assembly. The oligomerization state of the second protein domain should be preferably three, four or more. Antiparallel coiledcoil dimers of such fusion polypeptides can link together the associated oligomerizing protein domains, creating a polypeptide network. The particular advantage of this approach is that we are not restricted by the tertiary structure of a particular protein domain, but can extend the length or modify the coiled-coil-forming domain, which can result in the modification of the size of pores enclosed by the coiledcoil dimers ( Figure 1C ). We can also modify the amino acid residues on the solvent-exposed positions of the coiled coils (positions b, c and f of the heptad repeat of the coiled coil), which can modulate the chemical properties of the pores and membrane. This type of assembly would be especially useful since materials with different physicochemical properties could be formed with minor variations of building blocks. This type of self-assembled nanomaterial contains nanopores of defined size, which could be used to separate molecules or molecular assemblies according to their size, therefore we initially investigated the ability of this type of assembly to separate particles according to size. A building element comprising a tetramerization domain and coiled-coil-forming segment which forms a homodimeric antiparallel coiled coil (Figure 2A ) was investigated. This type of building element was designed to assemble into the periodic network upon the renaturation of the material ( Figure 2B ). The p53 tetramerization domain, a tumour-suppressor gene product [21] , was selected as the oligomerization domain, whereas a coiled-coil-forming segment was either a designed coiled-coil-forming peptide APH [22] or Bcr, a coiledcoil-forming peptide from the natural protein domain [23] . Both selected coiled-coil-forming segments associate with antiparallel coiled-coil dimers, but they differ in stability and length: 45 and 36 amino acid residues for APH and Bcr respectively. Fusion protein was produced as the recombinant protein in Escherichia coli, based on the introduction of a codon optimized synthetic gene coding for the fusion protein, which allows production of large amount of the material appropriate for the technological applications. The material was assembled from a denatured solubilized purified protein by refolding by dialysis. Determination of the secondary structure of the resulting material was determined by a far-UV CD measurement which revealed a high content of α-helical structure ( Figure 2C ) consistent with the correct folding. CD also demonstrated high stability and co-operativity of the resulting self-assembled material in the presence of increasing concentrations of chemical denaturant GdnHCl (guanidinium hydrochloride) ( Figure 2D ). To test the material obtained for application as ultrafiltration membrane, we performed the self-assembly of the polypeptide network on the 0.22-μm PVDF filter, which serves as the physical support for the polypeptide membrane. The assembled polypeptide membranes efficiently removed bacteriophages from the sample in contrast with the filter that was used as the mechanical support for the self-assembled membrane. This principle clearly has potentials for further developments by variations of both the length and sequence of coiled-coil dimeric linker as well as of the oligomerization domain with the expected effect of the selectivity of the material for different size and chemical properties of the separated particles.
Regulated assembly/disassembly of polypeptide nanostructures
Another interesting application of bionanotechnology is the fabrication of the so-called smart nanomaterials. Petka et al. [7] reported the creation of artificial protein hybrids that undergo reversible gelation in response to changes in pH or temperature. The polypeptide segment consists of terminal coiled-coil domains which are coupled to the central soluble polyelectrolyte segment. The formation of coiled-coil interaction under defined conditions triggers the formation of three-dimensional polymer network. Dissociation of aggregates through elevation of pH or temperature causes dissolution of the gel. The mild conditions under which gel formation can be controlled makes these materials potentially useful in bioengineering applications requiring the controlled release of molecular species. Wagner et al. [24] developed the peptide nanofilaments and nanoropes where self-assembly was regulated predictably by using various environmental factors such as pH, salt or other molecular crowding reagents. They demonstrated the design and characterization of a helical peptide, which uses phased hydrophobic interactions to drive the assembly into nanofilaments and nanoropes. We can also consider as smart materials drug-sensing hydrogels for the inducible release of biopharmaceuticals [25] , where drug-dependent dissociation or association was demonstrated. Genetically engineered bacterial gyrase subunit B conjugated to polyacrylamide was dimerized by the addition of an aminocoumarin antibiotic coumermycin, resulting in hydrogel formation. The addition of novobiocin dissociated the gyrase subunits, thereby resulting in hydrogel dissociation. This type of bionanomaterial can be used for biosensors, chemical catalysis, drug delivery, crystallization, etc.
Self-assembly of chimaeric protein-domain-based assembly can also be driven by the addition of small molecules. Aminocoumarin antibiotics such as novobiocin and coumermycin bind to the ATP-binding site of gyrase B as mentioned above. Novobiocin binds tightly to the Nterminal part of gyrase subunit B and inhibits its ATPase activity. Coumermycin is structurally a pseudodimer of novobiocin with a short linker between the two novobiocinlike segments. The length of this linker allows coumermycin to bind to two gyrase B-binding sites, forming a tight dimer. Novobiocin competes with coumermycin for the same binding site and its displacement reverts the coumermycininduced dimerization [25, 26] . As mentioned above, the oligomerization state of the fusion partners has to be at least three in order to form two-or three-dimensional polypeptide assemblies. Bacterial trimeric protein CutA1 [27] that binds heavy metal ions was used as the trimerization domain in combination with an N-terminal gyrase B domain. Trigonal symmetry of the CutA1 can lead to the formation of hexagonal or trigonal connections which can form a connected polypeptide network. The main feature of this system is that we can regulate the assembly and disassembly of the material since we can control the dimerization state of the gyrase B domain by adding antibiotics coumermycin and novobiocin ( Figure 3A) . In this way, we can assemble or disassemble the polypeptide nanostructure, which is particularly useful to encapsulate compounds such as biological drugs or any other application, where the controlled release is desired. Genetically fused CutA1-gyrB chimaeric protein was produced in the bacterial system and purified under denaturing conditions using affinity chromatography. The refolding was performed by dialysis. We expected the formation of trimers in the native state without the presence of an antibiotic. This was confirmed with DLS (dynamic light scattering) measurements which demonstrated the homogeneous particle size to be approximately 8 nm ( Figure 3B ) which is in accordance with the hydrodynamic size of the molecular model of trimeric fusion protein. The subsequent addition of a coumermycin caused the polypeptide assembly and increased the particle size to approximately 1 μm. Imaging by TEM (transmission electron microscopy) demonstrated formation of the porous network with a characteristic size in agreement with the expected assembly ( Figure 3C ). Owing to the introduction of peptide linker and intrinsic flexibility of the protein domain termini, the orientation of polypeptide domains allows a certain range of variation, which can lead some heterogeneity of the self-assembled material. Novobiocin acts in the opposite direction and, in the addition of novobiocin in the presence of coumermycin, reversed the size of the particles to trimers as they are without coumermycin ( Figure 3B ). Therefore we demonstrated the ability of the material to assemble and disassemble in the presence of coumermycin and novobiocin respectively and observed the nanoscale porosity of the self-assembled material by TEM.
Conclusions
Combination of dimeric and oligomeric polypeptide domains by genetic fusion provides a powerful platform for the self-assembly of bionanostructures that can be used for many applications. The ability to control the dimensions and chemical properties of created pores and the ability to assemble and disassemble structures by the external conditions represents an important advantage of polypeptide-based materials. Cost-effective production and easy purification support further the technological potential of this approach.
